A rapid method for the extraction of RNA from the indigenous bacterial communities in environmental samples was developed. The method was tested using anoxic sediment samples from a productive freshwater lake (Priest Pot, Cumbria, UK). The simple protocol yielded rRNA and mRNA of a purity suitable for amplification by reverse transcriptase PCR (RT-PCR). The integrity of the RT-PCR was demonstrated by amplifying 165 rRNA and mRNA for the mercury resistance regulatory gene merR. The diversity of 165 rRNA sequences recovered from RNA and DNA extracted from anoxic Priest Pot sediments was analysed. The 5' end of extracted 165 rRNA was amplified by RT-PCR and the 165 rRNA PCR products were cloned and sequenced to identify active constituents of the sediment bacterial community. Corresponding analyses were performed upon DNA templates from the same sediment samples. Partial 165 rRNA sequences were obtained from a total of 147 clones (71 rRNA-derived and 76 rDNA-derived). The clone libraries included sequences related t o Pirellula staleyi, an aerobic planktonic member of the Planctomycetales, and the recently described candidate bacterial division OP5. Sequences from these groups were recovered in libraries generated from a DNA template but were also present in RNA-derived libraries. Previous studies of anoxic environments have identified sequences most closely related t o Pirellula spp. This study, which utilized RT-PCR of 165 rRNA, has provided the first evidence that Pirellula-like bacteria are active in situ in an anoxic environment. Furthermore, members of the recently described candidate division, OP5, were also identified as active constituents of the bacterial community of anoxic Priest Pot sediments. This not only supports the widespread occurrence of OP5 members in diverse environments but suggests that they are active under anoxic conditions.
INTRODUCTION
The extraction and manipulation of nucleic acids from environmental samples is a technique increasingly used in microbial ecology (e.g. Ward et af., 1992) . Commonly, DNA preparations from environmental samples provide a template for the amplification of specific gene sequences by PCR. Bacterial community structure can be inferred by phylogenetic analysis of 16s rRNA gene sequences recovered using these techniques (e.g. Giovannoni et af., 1990; Fuhrman et af., 1994; Gordon & Giovannoni, 1996) . Furthermore, the occurrence of functional genes has been correlated with particular microbial activities (Fleming et al., 1993) . However, the ecological significance of the organism from which these gene sequences are recovered cannot be determined since DNA is known to persist in moribund and dead Ogram et a Coolen & Overmann, 1998) . In contrast, RNA is highly labile and rRNA levels, and therefore ribosome numbers, have been correlated with cellular activity (Rosset et a/., 1966; Kramer & Singleton, 1992 Lee & Kemp, 1994) . Moreover, studies of cultured bacteria have identified that mRNA is typically short-lived having a half-life of only a few minutes (Darnel1 et al., 1986) . Thus, it has been argued that analysis of sequences derived from RNA rather than DNA templates potentially provide a more representative indication of the active members of the bacterial community (Pichard & Paul, 1993; Teske et al., 1996) . However, RNA is more difficult to isolate than DNA. This difficulty is due primarily to the rapid degradation of RNA species by RNases that are both ubiquitous in the environment and highly stable.
Most protocols for the extraction of RNA from the environment have been applied t o water or microbial mat samples. T h e structure of bacterial communities has been investigated by the direct cloning and sequencing of 16s rRNA recovered as cDNA from cyanobacterial mats (Weller & Ward, 1989) and by high-resolution electrophoresis of low molecular mass RNAs extracted from planktonic microbial communities (Hofle, 1992) .
In addition, DNA fragments generated by reverse transcriptase PCR (RT-PCR) of rRNA extracted from the water column of a stratified fjord have been analysed by denaturing gradient gel electrophoresis (Teske et al., 1996) . Viral communities within sewage and seawater samples have also been identified and quantified by RT-PCR (Tsai et al., 1993) . Likewise, gene expression in environmental samples has been detected by analysis of mRNAs using hybridization assays (Pichard & Paul, 1991; Fleming et a/., 1993; Nazaret et al., 1994; Jeffrey et a/., 1994) .
T h e analysis of rRNA as a means of inferring the composition of the active bacterial fraction, rather than ' total ' bacterial community structure has been proposed for several years (e.g. Weller & Ward, 1989; Pichard & Paul, 199.3) . However, to date difficulties in amplifying extracted indigenous rRNA from sediment and soil samples has precluded their study. Isolation of indigenous RNA from soil and sediment is more problematic than DNA isolation. In general, enzyme-inhibitory materials present within these environments are co-extracted with the nucleic acids (Tsai & Olson, 1992; Herrick et a!., 1993) . Fleming et al. (1993) , however, have isolated indigenous mRNA transcripts of a naphthalene dioxygenase gene ( n a h A ) from contaminated soils at a gas manufacturing site. These were quantified by a ribonuclease protection assay and found to correlate with naphthalene mineralization rates and n a h A gene frequency in colony blots of culturable naphthalene degraders. Moran et al. (1993) have also presented a protocol for RNA isolation from a range of soil and sediment environments. Samples obtained were of a purity suitable for hybridization analysis; however, enzymic manipulation was not attempted. More recently, Ogram et al. (1995) have reported the successful 1978 isolation and RT-PCR amplification of mRNAs from subsurface sediments. A rapid hydroxyapatite spin column method for recovery of RNA from sediments has also been reported (Purdy et al., 1996) but again, it was not reported if the RNA was suitable for RT-PCR. In addition, a method based on isolation of ribosomes from soil has been developed that gives good yields of RT-PCR-amenable rRNA from soil (Felske et al., 1996) .
However, the last of these procedures requires use of an ultracentrifuge but potentially allows simultaneous isolation of mRNA which is being actively translated.
To date, methods developed for RNA extraction from soils and sediments have, in general, been lengthy and some require expensive equipment (e.g. an ultracentrifuge). Furthermore, some methods may not allow simultaneous isolation of both rRNA and mRNA, may not permit isolation of RNA of sufficient purity for RT-PCR and may require lengthy treatments such as dialysis to purify the RNA. T h e method presented here allows simple, rapid extraction of rRNA and mRNA from small samples of sediment of a purity suitable for R T -PCR.
T h e analysis of bacterial populations by molecular methods frequently identifies 16s rRNA gene sequences that cannot be readily attributed to previously described bacterial divisions (e.g. Hugenholtz et al., 1998b) . T h e significance of these uncultured organisms in situ is probably greater than organisms isolated by traditional culture methods. Some of these ' novel ' divisions, defined primarily by cloned 16s rRNA genes (Hugenholtz et al., 1998a, b) , contain sequences isolated from diverse environments, implying ecological and hence functional diversity exists among the bacteria that comprise these novel divisions. However, recovery of 16s rRNA gene sequences yields little physiological information about uncultured taxa. Indeed, the recovery of 16s rRNA gene sequences from extracted D N A does not even assure that the source organism was active in situ (e.g. Coolen & Overmann, 1998) . In contrast, the recovery of rRNA sequences from an RNA template using RT-PCR implies that the source organisms were active at the time of sampling. At the very least this is a better indicator of the presence of active cells than sequence data derived from DNA templates.
METHODS
Collection of sediment samples. Core samples were taken from the profundal sediments of Priest Pot, Cumbria, UK (Ordnance Survey grid ref. SD 358979) using a modified Jenkin surface mud sampler (Ohnstad & Jones, 1982) . Prior to sampling, the coring device was cleaned with absolute alcohol. Recovery of cores from site to laboratory was completed within 40 min whereupon sediments were sectioned at 1 cm intervals. After sectioning, samples were frozen immediately at -70 "C. P-Mercaptoethanol was added to frozen samples to a final concentration of 1% (v/v) and samples were defrosted at room temperature prior to extraction of nucleic acids.
Preparation of labware. Standard precautions were taken to prevent degradation of RNA by RNases (Blumberg, 1987 Novel bacterial lineages active in freshwater sediments glassware was treated with diethyl pyrocarbonate (DEPC) and baked overnight. Solutions incompatible with DEPC treatment (e.g. Tris buffers) were prepared in DEPC-treated water prior to autoclaving. Nucleic acid extraction. Sediment (1 cm3) was placed in a sterile 15 ml screw-cap PTFE container (Cowie Technology) with 3 g sterile glass beads ( 0 1 7 4 1 8 mm diameter; B. Braun Biotechnology) and 8 ml extraction buffer (0.12 M sodium phosphate buffer, 5 mg lysozyme ml-' and 1 %, v/v, pmercaptoethanol, pH 8.0). Samples were agitated (2000 r.p.m., for 20 s) using a Mikro-Dismembrator U (B. Braun Biotechnology). Homogenates were transferred to a 13 ml polypropylene screw-cap centrifuge tube (Sarstedt) containing 2 ml 10 ' / o (w/v) SDS. The tubes were vortexed and incubated at 80 "C for 30 min with vigorous shaking every 10 min.
Samples were centrifuged (2800 g, 4 "C, 15 min) and supernatants were decanted and held on ice. The pellets were reextracted with 10 ml extraction buffer and centrifuged once more. The supernatants were pooled, mixed and the nucleic acids precipitated by the addition of 2 vols polyethylene glycol solution (30% PEG6000, 1.6 M NaCI). Following a 2 h incubation at room temperature and centrifugation (5000 g, 4 "C, 30 min), the pellet was resuspended in 1 ml TE (10 mM Tris/HCl, 1 mM EDTA, pH 8.0). Humic acids were precipitated from solution by the addition of 400 p1 7.5 M potassium acetate. The nucleic acid preparation was incubated on ice for 5 min and centrifuged (lOOOOg, 4 "C, 5 min) to remove the precipitated humic acids. Nucleic acids were recovered from the supernatant by two rounds of ethanol precipitation and the pellets were resuspended in 50 p1 TE (pH 8-0). For the preparation of RNA, DNA was digested with RNase-free DNase I (Boehringer Mannheim). DNase I (40 units) was added to 20 pl nucleic acid preparation and incubated for 1 h at 37°C. The DNase was inactivated by incubation at 80 "C for 10 min. Samples were stored at -70 "C until use. Preparation of control DNA templates. Control DNA templates for 16s rRNA and merR gene PCR reactions were prepared using the protocol of Pitcher et al. (1989) 
from
Escherichia coli AB1157 and E. coli ABl157(pACYC184:: Tn.501) (Brown et a/., 1983) , respectively. Strains were maintained on nutrient agar (Difco) which, when appropriate, was supplemented with 27 mg HgCI, ml-'. Reverse transcription of RNA. RNA was converted to cDNA using Moloney murine leukaemia virus reverse transcriptase (M-MuLV; Promega), following the manufacturer's instructions. 16s rRNA was reverse-transcribed from the universal oligonucleotide primer 536R (5'-CACGGATCC GTATTACCGCGGCTGCTG-3' ; modified from Lane et al., 1985) . The underlined region of the primer corresponds to a BamHI site. Messenger RNA from the mercury resistance regulatory gene, merR, was reverse-transcribed using the oligonucleotide primer pRE (5'-TY CTCGCARTGGGTGCAmplification of cDNA by RT-PCR. Tenfold serial dilutions of cDNA preparations were prepared (lo", lo-', lo-') and samples of each dilution used as template for PCR amplification. The cDNAs were amplified using the oligonucleotide primers 8F (5'-GTGCTGCAGAGAGTTTGATCCTGGCT-CAG-3') (modified from Edwards et af., 1988) and 536R (5'-CACGGATCCGTATTACCGCGGCTGCTG-3'). These amplify the 5' end ( -530 bp) of bacterial 16s rRNA. The forward and reverse 16s primers incorporated a PstI and BamHI site, respectively. Primers pRE (5'-TYCTCGCAR-TGGGTGCCA-3') and pRMF (5'-ARAAYCTGACCATTG-GCGTT-3') were used to amplify a 234 bp fragment of merR CA-3').
~_ _~ from mercury resistance determinants from Gram-negative bacteria.
Template DNA was added to a standard PCR reaction mix to give a total volume of 45 pl containing 20 pmol each primer, 10nmol each dNTP (Pharmacia) and PCR buffer supplied with the DNA polymerase. Reaction mixes were overlaid with 50 pl mineral oil (Sigma) in thin-walled microcentrifuge tubes (0.5 ml capacity). A 'hot start' PCR was used (Mullis, 1991) . Reaction mixtures were heated to 95 "C for 4 min and cooled to 80 "C before the addition of 5 pl 1 x PCR buffer containing 0.5 units Dynazyme DNA polymerase (Flowgen). PCR was done using a Hybaid Omnigene thermal cycler with the following cycling parameters. For ribosomal cDNAs, 28 cycles of 1 min at 95 "C, 1 min at 55 "C and 1 min at 72 "C, with a final extension step at 72 "C for 8 min. For merR cDNA, similar cycling parameters were used except 35 cycles and an annealing temperature of 56 "C were employed. Contamination of RNA templates by DNA was detected by the inclusion of control PCR reactions containing RNA preparations that were not reverse-transcribed. Corresponding amplification of 16s rRNA gene fragments from a DNA template using the same primers was also performed on aliquots of nucleic acid sample that had not been DNase-treated. Agarose gel electrophoresis. PCR reaction products were analysed by agarose gel electrophoresis [0*8 ' / o agarose in 1 x TAE [40 mM Tris/acetate, 2 mM EDTA, pH 7.6) containing 0.2 mg ethidium bromide ml-'] at a constant 100 V. Nucleic acids were visualized by UV transillumination. Cloning and sequencing of PCR products. Amplification products were purified using a QIASPIN kit (Qiagen) following the manufacturer's protocol. PCR products and pUC19 DNA were then cut using BamHI and PstI (Promega). Digested vector and PCR products were once again purified using a QIASPIN kit. Products and vectors were mixed in appropriate molar ratios and ligated using T4 DNA ligase (Boehringer Mannheim). Epicurian Coli SURE2 supercompetent cells (Stratagene) were transformed with ligated DNA. Cells (20 pl) were pipetted into a cold 1.5 ml microcentrifuge tube and 1 pl ligation reaction was added to the cells. The cells were mixed gently by tapping. The tube was then incubated on ice for 30 min. The cells were heat-shocked for 40 s in a water bath at 42 "C before incubation on ice for 2 min. LB Broth (80 pl), containing MgCI, and MgSO, each at a final concentration of 25 mM and glucose at a final concentration of 20 mM, was added to the tube. The tube was incubated, with occasional mixing, at 37 "C for 1 h. Replicate 50 p1 aliquots were plated onto LB agar plates containing 0.1 mM IPTG, 40 pg X-Gal mlF' and 50 pg ampicillin ml-' and incubated overnight at 37 "C. A transformation control using undigested plasmid was performed. Transformants that contained an insert were identified by blue/white screening and white colonies were plated onto fresh LB agar containing ampicillin and screened for the presence of insert DNA by DCR. Clone libraries were screened by PCR using forward and reverse pUC/M13 sequencing primers to amplify insert DNA. Thermal cycling parameters used were similar to those outlined above with an annealing temperature of 56 "C. PCRamplified insert DNA of the appropriate size was sequenced using primers 8F and 536R using an ABI 373A DNA sequencer (Applied Biosystems). Phylogenetic analysis of rRNA sequences. Sequences were aligned manually with representative 16s rRNA sequences from the National Science Foundation Ribosomal Database Project (RDP; Maidak et ul., 1997 
RESULTS A N D DISCUSSION

RNA extraction and amplification
T h e R N A extraction protocol described here was applied successfully for the isolation of RNA from lacustrine surface rind subsurface profundal sediments. This protocol was also found to be applicable to the isolation of RNA from freshwater planktonic populations and activated sludge (data not shown). Agarose gel electrophoresis of the RNA isolated from Sediments demonstr'ited the presence of intact 23S, 16s and 5s rRNA molecules (Fig. 1 ). RNA obtained from 1 cm" of sediment was of a purity and a quantity suitable for molecular analysis by RT-PCR procedures (Fig. 2) .
While the methodology employed is unremarkable, the duration of bead-beating was found to be critical for the preparation o f templates amenable to subsequent enzymic treatments. Bead-beating was limited to 20 s, extended periods of agitation resulted in greater coextraction of humic materials without a significant increase in cellular lysis. In addition, it was found that coe x t r ac t i on of enzyme-i n h i b i t o r y subs t a n ces was co mpounded by the inclusion o f SDS before bead-beating. Therefore, SDS was added following bead-beating to augment cellular lysis throughout the thermal incubation step. Interestingly, it was observed incidentally that this inhibitory effect was more pronounced in surface rather than subsurface ( > 10 cm depth) sediment samples. I t is apparent that even within a single core, variation in sediment characteristics can greatly affect the performance of a nucleic acid extraction technique.
Previously published protocols for the extraction of RTamenable R N A from sediments, although effective, require time-consuming exhaustive dialysis for the removal of humic acids (e.g. Ogram et al., 1995) . In contrast, the method presented here permits rapid (1 d) R N A extraction from discrete ( < 1 cmt3) sediment samples. T h e removal of contaminating humic acids was effected rapidly by precipitation with potassium acetate (Smalla et af., 1993) . Samples retain a slight yellow colour that is indicative of residual humic acids; however, when diluted, these did not inhibit subsequent enzymic processes.
T h e suitability of the sediment-extracted R N A for molecular analysis was demonstrated by RT-PCR amplification of both rRNA and mRNA targets. T h e extraction and amplification of rRNA was relatively easy to achieve (Fig. 2) . This might be expected in a sediment from a highly productive lake with organically rich sediments (total organic carbon, TOC, 15-20 YO by weight Partial 16s rRNA sequences amplified by RT-PCR from nucleic acids extracted from sediment samples were cloned and sequenced. RT-PCR amplification of near complete 16s rRNA sequences from our RNA extracts was problematic, but it was possible to reproducibly amplify smaller fragments of about 530 bp. Consequently, DNA templates were amplified using the same primers used for RT-PCR to ensure that all samples were treated as consistently as possible. As a working hypothesis it was considered that clone libraries derived from RNA and DNA templates were representative of active and ' total ' bacterial populations, respectively. However, sequences derived from RT-PCR are not necessarily representative of bacteria with high activity in situ and in studies of cultivated organisms, slow growing or senescent bacteria have been shown to possess significant levels of rRNA (Kramer & Singleton, 1992 Binder & Liu, 1998) . It is clearly likely that bacterial cells that were active in the water column will be deposited in sediments. Whether or not such organisms are genuinely active in the sediment, they may still retain appreciable levels of RNA and be inferred to be active components of the microbiota. Nonetheless, the presence of rRNA does indicate that the cells were active at some time close to sampling. Furthermore, in Priest Pot the sedimentation rate is 0.5 to 1.0 cm per year (Cranwell & Koul, 1989) and we have recovered rRNAderived sequences from depths of up to 20 cm in the sediment (Fig. 2) . Thus any cells from the water column present at this depth will have been buried for 20-40 years and it is unlikely that senescent cells would have retained their rRNA intact for such periods of time unless they were genuinely active in situ.
In total 147 16s rRNA sequences were obtained from six sedimentary horizons. From RNA and DNA templates, 71 and 76 sequences were derived, respectively. This clone library was diverse and few identical sequences were obtained. An estimation of the efficiency of sampling of natural communities characterized by small subunit (SSU) rRNA gene cloning techniques was presented by Giovannoni et al. (199.5) : ever, the sequences recovered in rRNA-derived clone libraries are likely to represent organisms that are active in situ. Poor sampling of species diversity in bacterial populations using molecular methods is not unprecedented. For example, Borneman et al. (1996) found 4 % coverage among rDNA clones from an agricultural soil in Wisconsin and a study of the microbial diversity in Amazonian soils similarly found that, of 100 isolated sequences, none were duplicated (Borneman & Triplett, 1997) .
Novel taxa in Priest Pot sediments
I t is commonly reported that SSU rRNA sequences recovered from environmental samples have low homology to known bacterial isolates (e.g. Giovannoni et al., 1996) . Independent studies of diverse environments increasingly result in the recovery of similar 'novel' sequence types. This suggests that many of the novel sequence types represent bacterial taxa that have ecological significance in a wide range of environments (Hugenholtz et al., 1998b (Fig. 4) . This is in part due t o the difficulties associated with phylogenetic placement of deeply divergent sequences based o n partial sequence data. Practical constraints of our RT-PCR technique restricted us to amplification and analysis of short fragments of SSU rRNA sequence. Although phylogenetic analyses confirmed that a number of the cloned sequences, within the collection from Priest Pot sediments, represented novel phylogenetic lineages and had no known close relatives, in some cases the higher sequence identity to nearest known neighbours (about 90°/0) was noted and the same relationships were recovered using more than one phylogenetic inference technique. Furthermore, other features such as the presence of particular signature nucleotides provided further evidence of their association with particular phylogenetic groups.
Sequences belonging to many of the novel lineages were independently recovered from separate samples and from both rRNA and rDNA templates. T h e recovery of sequences belonging to novel lineages from rRNA templates also suggests that they derive from cells that were likely to have been active in situ. These key points are clearly demonstrated if we consider sequences related to the Planctomycetales and Verrucomicrobia and the recently described candidate division OP5 obtained in this study.
Priest Pot clones related to the Planctomycetales and Verrucomicro bia
T h e Planctomycetales and Verrucomicrobia have been grouped phylogenetically and are now known to be distributed in a much wider range of habitats than was originally perceived (Nold & Zwart, 1998) . Sequences related to these bacteria are routinely noted in 16s rDNA clone libraries from environmental samples (Nold & Zwart, 1998) . The isolation of planctomycetelike sequences in this study is in accord with the observation that planctomycetes can be cultured from a broad range of aquatic environments (Staley et al., 1992; Schlesner, 1994) and around 6 % of the sequences recovered from Priest Pot sediments were related to the Planctomycetales and Verrucomicrobia.
Members of the Planctomycetales that have been isolated to date are typically aerobic planktonic bacteria. Since the majority of cultured planctomycetes and their relatives are aerobic and planktonic, it would be expected that SSU rRNA sequences from such bacteria would be obtained from water column samples. H o wever, culture-independent molecular methods reliant on the isolation and sequencing of 16s rRNA genes have also indicated that the Planctomycetales may be members of bacterial populations in marine sediments (Gray & Herwig, 1996) and marine aggregates (DeLong et al., 1993) , where low oxygen tensions occur. However, in view of the exclusively aerobic metabolism of closely related cultured organisms, the activity of planctomycetes identified in anoxic environments from the amplification of 16s rDNA can be questioned.
We have made the remarkable observation that sequences most closely related to the planktonic, aerobic heterotroph Pirellula staleyi have been recovered from anoxic sediments of Priest Pot (Fig. 5) . The phylogenetic delineation of these Pirellula-like sequences is further supported if we consider the sequences in more detail. The Planctomycetales are known to lack the target site for the Bacteria-specific probe Eub338 (Zarda et al., 1997) . The planctomycete-like sequences recovered in this study conform with this observation and the Eub338 target site in these sequences contains three mismatches to the probe sequence. Furthermore, analysis of the signature nucleotides identified by Liesack & Stackebrandt (1992) as unique to the Planctomycetales and the group now know as the Verrucomicrobia corroborates the phylogenetic assignment of these Priest Pot clone sequences to the Planctomycetales (Table 1) .
A number of our Pirellula-like sequences (ppClrna, ppClOrna, ppD4rna, ppD 10rna) were derived by reverse transcription of rRNA, providing evidence that these organisms were metabolically active within the anoxic sediments. Interestingly, Pirelltila-like sequences have been recovered from DNA extracted from marine sediments in Puget Sound (Gray & Herwig, 1996) and marine snow (DeLong et al., 1993) . Unfortunately, we could not determine the relationship of these marine sequences to clones from Priest Pot, as the region of the 16s rRNA gene sequenced by these researchers did not "Numbering based on the E. coli 16s rRNA gene (Brosius ~t al., 1978) .
t X, Sequence data not available. & Stackebrandt (1992) .
*After Liesack
coincide with our data. From the evidence of these studies we propose that bacteria closely related to Pireflufa spp., while previously thought to be principally aerobic, probably include organisms that exhibit anaerobic metabolism and may comprise an important, active component of bacterial populations in some anoxic sediments. However, to validate this conjecture the abundance of the bacteria represented by these sequences in anoxic environments would need to be determined using whole cell in situ hybridization, for example.
Four 16s rRNA sequences that were related to the Verrucomicrobia were also recovered from Priest Pot sediments (Table 1 and Fig. 4) . Several of the verrucomicrobial sequences recovered were truncated and thus were not included in the phylogenetic tree shown (Fig.  4) . Nonetheless, phylogenetic analyses using shorter sequences and signature nucleotide analysis suggested that these sequences were most closely related to members of the Verrucomicrobia (Table 1 and unpublished data). Most cultured Verrucomicrobia are heterotrophic aerobes (Schlesner, 1994; Hedlund et af., 1996 Hedlund et af., , 1997 , though novel aerotolerant fermentative organisms related to Verrucomicrobium spinosum have been cultured recently (Janssen et af., 1997). V . spinosum itself can grow fermentatively and was isolated from a eutrophic alkaline lake (pH 9.5) in Germany (Schlesner, 1987 (Liesack & Stackebrandt, 1992) were present in the partial 16s DNA sequence of clone ppE25dna. Of these, 11 were identical with the verrucomicrobial signatures. The nearest phylogenetic neighbours to this poorly defined clade are also cloned 16s rDNA gene sequences that were recovered from an Australian forest soil (Liesack & Stackebrandt, 1992) , grassland soil in the Netherlands (Felske et af., 1998) and Lake Loosdrecht in the Netherlands (Zwart et af., 1998).
Support for the candidate division OP5
Some of the most interesting sequences isolated by R T -PCR from the sediments of Priest Pot were originally interpreted as forming a novel deep branching lineage related to the Verrucomicrobia. However, it is now apparent that these sequences belong to a novel lineage described for the first time only recently (Hugenholtz et af., 199th) . The clones -ppFSdna, ppF9dna, ppD3rna and ppC13rna-define a clade with two sequences, WCHB1-02 and WCHB1-03, recovered from community DNA extracted from a contaminated aquifer (Dojka et at., 1998) . The integrity of these sequences is supported not only by correlation with the WCHB clones but also since these four sequences were isolated Novel bacterial lineages active in freshwater sediments from three independently obtained samples. Furthermore, two were derived from rDNA and two from rRNA templates. These sequences group together (76 '/o bootstrap support) forming a deep-rooting lineage which has been proposed to represent a novel division (OP5) in the bacterial domain (Hugenholtz et al., 1998a, b) . This relationship was also recovered in parsimony analysis. It is probable that the clustering of candidate division OP5 close to the root of the Verrucomicrobia is artifactual since all OP5 clones have sequences complementary to the Eub338 hybridization probe and lack the Planctomycetales and verrucomicrobial signature nucleotides. The strong bootstrap support for this relationship is a consequence of the selection of sequences used in the analysis. In analyses using other reference sequences the OP5 group remained coherent but its relationship to other taxa was unclear.
Sequences belonging to the candidate division OP5 have also been obtained from hydrocarbon-contaminated soil under methanogenic conditions (Dojka et al., 1998) and from sediment from a hot spring (Hugenholtz et al., 1998a) . The hot spring sediment is also likely to have been anoxic since it was reported that it contained high levels of reduced iron (Hugenholtz et al., 1998a) . It is thus interesting to note that, to date, all sequences belonging to the OP5 division have come from anoxic environments, suggesting that members of OP5 may be anaerobes. The recovery of sequences affiliated with the candidate division OP5 from Priest Pot sediments reaffirms the assumption that this novel bacterial taxon is widely distributed (Hugenholtz et al., 1998b) and inhabits diverse environments (Hugenholz et al., 1998a ; Dojka et al., 1998) . Furthermore, the identification of two of these sequence types, ppD3rna and ppC13rna, in libraries derived from an RNA template from Priest Pot sediments provides the first evidence for in situ metabolic activity of bacteria from the candidate division OP5. Nonetheless, full evaluation of the importance of these bacteria in anoxic environments will require their abundance to be determined using, for example, whole cell in situ hybridization techniques or quantitative slotblot hybridization of RNA extracted from environmental samples. Ultimately, determination of the function of such uncultured bacterial taxa will require their isolation in axenic culture.
